ABSTRACT Geomagnetic field signals have potential for use in underwater navigation and geophysical surveys. To map underwater geomagnetic fields, we propose a method that exploits an autonomous surface vehicle. In our system, a magnetometer is rigidly attached to the vehicle and not towed by a cable, minimizing the system's size and complexity but requiring a dedicated calibration procedure due to magnetic distortion caused by the vehicle. Conventional 2-D methods can be employed for the calibration by assuming the horizontal movement of the magnetometer, and the proposed 3-D approach can correct for horizontal misalignment of the sensor. Our method does not require a supporting crane system to rotate the vehicle, and calibrates and maps simultaneously by exploiting data obtained from field operation. The proposed method has been verified experimentally in inland waters, generating a magnetic field map of the test area that is of much higher resolution than the public magnetic field data.
I. INTRODUCTION
The Earth's magnetic, or geomagnetic, field is a geophysical signal generated by the geodynamo of the Earth's outer core and plays an important role in protecting the Earth from solar winds. Geomagnetic fields, in combination with appropriate georeferences, can also be useful in several underwater applications, including inertial navigation of underwater vehicles, detection of underwater unexploded ordnance or sunken ships, detection and tracking of pipelines, analysis of the Earth's crustal movement, and exploration of mineral resources [1] - [4] . Several organizations periodically publish geomagnetic field maps online, for example, the National Centers for Environmental Information or the International Association of Geomagnetism and Aeronomy. The provided geomagnetic field maps, such as the World Magnetic Model (WMM) [5] and International Geomagnetic Reference Field (IGRF) [6] , are generated by aggregating heterogeneous magnetic observations and fitting them to a physical model of the Earth's magnetic field. Although these models support horizontal and vertical continuation, actual field data resolutions are low and it takes a long time to update the models. Even the commercial High Definition Geomagnetic Model (HDGM) [7] requires one year to update and has a field resolution of several kilometers at crust level. Therefore, developing a technology to construct a high-resolution geomagnetic field map on demand is highly desirable, while the obtained field data will still contribute to the refinement of existing models.
Ground and airborne measurements are commonly used for observing the Earth's magnetic field in terrestrial regions. In marine environments, marine vehicles (ships, underwater gliders, etc.) are often used along with satellite measurements [8] - [10] , where marine vehicles are closer to the crust and obtains data with much shorter wavelengths than the satellites. In ship-based observations, the magnetometer is usually towed by cables to reduce the sensor interferences from the thruster or the vehicle itself. However, this arrangement requires additional analysis of the cable's behavior and accurate positioning of the towed sensor, thus resulting in a highly complex overall system. Towing cables also limt the flexibility of the ship's course. In this paper, we have installed a magnetometer rigidly below the main body of our vehicle. In this way, we simplify the overall mapping system and operate efficiently, with increased flexibility in path generation. However, overcoming the sensor interference caused by thrusters and other electronic vehicle components requires a method to compensate the magnetometer distortions. Conventional 2D calibration methods [11] , [12] can be used for this purpose if the vehicle and sensor move on the horizontal plane. However, this assumptions can be broken when a sensor is misaligned or vehicle's buoyancy is unbalanced. Therefore, we develop a 3D calibration method that employs an additional orientation sensor. The calibrated magnetic field data are further processed to build georeferenced field maps.
In the remainder of this paper, the mapping system is explained in section II. Details of 2D and 3D magnetometer calibration is described in section III, followed by our proposed field mapping approach in section IV. A field experiment and its result are presented in section V. Finally, conclusions are outlined in section VI.
II. SYSTEM OVERVIEW A. AUTONOMOUS SURFACE VEHICLE
Autonomous surface vehicle (ASV) systems have been developed to support the unmanned operations such as environment monitoring and data gathering. One such vehicle developed at the KRISO is depicted in Fig. 1 . It was designed for easy handling and durability in field environments. Table 1 describes the primary specifications of this ASV. The hardware system of the developed vehicle comprises the following subsystem components:
1) POWER AND PROPULSION MODULE
The vehicle has a catamaran-hull form with two electrical outboard thrusters as the primary propulsion system. The ASV is steered using differential thrust in a nominal operation. The propulsion system is electrically powered by batteries; its operating duration is approximately four hours, depending on operating conditions. Its nominal cruise speed is approximately 1.5 knots on inland waters. For unexpected situations during field tests, two emergency switches and a remote emergency stop system were installed to physically disconnect the power to the two thrusters.
2) NAVIGATION AND CONTROL MODULE
A global positioning system (GPS) compass and a fiber optic gyroscope (FOG) are used as navigation sensors for estimating the position and orientation of the vehicle in real time. The GPS update rate was configured as 10 Hz, slower than the FOG (100 Hz) sensor. Two embedded computers are equipped on the vehicle: the primary computer handles navigation, control, and system management. The secondary computer processes data obtained from the underwater sensors (i.e., a magnetometer, doppler velocity log (DVL), and two-hydrophone array). These two computers are connected via a TCP/IP communication link. A wireless local area network (WLAN) communication device and a radio frequency (RF) modem are used to reciprocally communicate the ASV's status and commands with the station. In addition, all devices and sensors are controlled by an interface board that we developed.
B. NAVIGATION, GUIDANCE AND CONTROL
For navigation in the horizontal plane, the ASV's motion is typically simplified as a three degree-of-freedom (DOF) kinematic vehicle model. Waypoint tracking guidance is an essential maneuvering capability for autonomous operations [13] . Waypoints are predefined according to the survey area. In waypoint tracking guidance, line-of-sight (LOS) and cross-track guidance approaches are employed to minimize the error corresponding to the straight path generated between waypoints, as shown in Fig. 2 . These errors can be expressed as
• LOS guidance:
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• Cross-track guidance:
where (x p , y p ) and (x t , y t ) are the preceding and the target waypoints in (x, y) coordinates, respectively; (x c , y c ) is the current position of the vehicle; ψ c is the heading angle; and ψ e and d e denote the LOS and cross-track errors. A three-DOF motion model is employed in the ASV's control system design and a conventional proportional-derivative controller is applied to determine the required force vector for waypoint tracking control of the ASV in the horizontal plane.
C. PAYLOADS
Payloads include a GPS receiver, magnetometer, and gyroscope. Magnetometers can be classified as scalar or vector sensors according to whether they measure the total field strength F or field vector. In this study, a fluxgate magnetometer is used, which gives three-component field values m = [m x , m y , m z ] T observed in a vehicle body-fixed frame (BFF). The attitude information must be provided to express m in a reference frame. To this end, an FOG is installed in our vehicle. The FOG measurements are also used in the 3D magnetometer calibration described in the next section.
III. MAGNETOMETER CALIBRATION
Since magnetometers suffer from distortions caused by the surrounding electromagnetic field, proper calibration is required to obtain desired magnetic field values. In this study, the magnetometer is rigidly attached below the vehicle, but the sensor is still affected by the vehicle's control box and thrusters. Typical procedure for magnetometer calibration is composed of the following two steps: 1) Sufficient free rotation of the sensor around three rotation axes, creating an ellipsoid of field measurements. 2) Conversion of the ellipsoid into a sphere centered at the origin, which removes distortions caused by hard/soft iron effects, sensor misalignment, and scale factor error. However, for huge, heavy systems like our vehicle, rotating the vehicle and sensor around is difficult even for a single rotation axis, requiring special equipment such as cranes. In this work, we eliminate the motion required in Step 1 by exploiting sensor data obtained from field operation, not from a seperate calibration procedure. Therefore, our method simultaneously solves calibration and mapping problems.
A. 2D CALIBRATION
Conventional 2D magnetometer calibration [12] accurately estimates headings if the sensor moves on a horizontal plane. This method can also be applied to surface vehicles that move in a way that generates angular displacement dominant in the yaw direction. Ideally, if the vehicle's yaw displacement is sufficient, the resulting magnetometer measurements produce a horizontal circle on a sphere. However, due to magnetometer distortions, actual sensor values make an ellipse on an ellipsoid, as shown in Fig. 3 . The raw ellipse E raw is projected onto a horizontal plane to obtain a new ellipse E prj , which is converted to a unit circle C, maintaining orientation angle θ. Thus, we can remove magnetometer distortions and use the calibrated output for heading estimation. The detailed calculation procedure is as follows:
where n is the normal vector of E raw ; n h is the horizontal direction vector of n; m h is the projection of m along the direction of n h ; φ is the angle between the n and z-axes; m ⊥ and m are the vertical and parallel direction vector of m, respectively; θ, a, and b are the orientation angle, major and minor axis lengths, and center point coordinates of E prj , respectively. Since all the field values are corrected onto a unit circle through (9) must be multiplied by a proper scale factor to obtain the actual geomagnetic field. In this work, the values provided by the WMM are used as a reference magnetic field vector. Because the wavelength of the WMM grid is several scores of kilometers, we can choose any point in the mapping area as a reference point. The scaling is calculated as follows:
where H ref is the horizontal field strength of the reference magnetic field.
B. 3D CALIBRATION
The preceding 2D calibration method may fail if the horizontal movement assumption does not hold, which may happen in real applications for two reasons: 1) it is hard to perfectly balance a vehicle on the water's surface due to the weight of payloads and thrusters and 2) sensors can be misaligned during installation. Magnetometer readings are quite sensitive to even small roll and pitch displacements, leading to biased measurements that are undesirable for mapping. Therefore, we propose a calibration method that handles horizontal sensor misalignment by employing an additional gyroscope sensor. The overall procedure for the proposed method is shown in Fig. 4 described as follows:
where R is a directional cosine matrix describing the rotation between the BFF and IRF. Then, we apply principal component analysis (PCA) to the raw measurement and find the best-fit plane P. After that, E raw is converted to a unit circle C PCA on the P, as in (9):
where θ , a , and b are the orientation angle and major and minor axis length of the PCA-transformed ellipse, respectively. Then, the measurements are re-scaled by R ref , a radius of reference measurements, as in 10:
wehre R ref is calculated as follows:
where 
where R is a rotation matrix and t is a translation vector. For the 3D transformation, we used the Kabsch algorithm [14] , VOLUME 6, 2018 a least root mean square method. Finally, 3D calibration is applied by following step:
IV. MAGNETIC FIELD MAPPING
To be able to use the calibrated field measurements as a map in real applications such as surveys or navigations, all the field values must be represented in a predefined reference coordinate system. Another practical problem is that the resulting map is very sparse, since field data are aquired only along the vehicle's path, and further interpolation is needed to make the map dense.
A. MAP COORDINATE SYSTEMS
In this paper, we conveniently choose a universal transverse Mercator (UTM) coordinate system as an IRF, but any other global coordinate systems can be selected depending on the applications. Conversion of the geomagnetic field values from the BFF to UTM coordinate system can be done as follows:
The three components of m UTM can also be represented by one of the widely used field map expressions: total strength F, declination D, and inclination I . The conversion is calculated as follows:
B. MAP INTERPOLATION
To densify the initial sparse map acquired from sensor data, we employed Gaussian process regression (GPR) [15] , one of the nonparametric regression methods. In the GPR, the probability of the functions with two domains is defined as a normal distribution:
Here, the mean (µ) and covariance ( ) of the functions are described as follows:
where σ n is Gaussian noise variance in function observations and K is a kernel that can be designed according to the problems. In this work, we apply a relatively simple squared exponential kernel such as
where δ(·) is a Kronecker delta function, σ f is signal variance, and l is length-scale. Assuming zero mean for the prior (i.e., µ = 0), the regression is calculated as follows:
where E(f ) and cov(f ) are the mean and covariance of the target function f (x ), respectively, and y is the noisy ovservations of f (x). 
V. EXPERIMENTS
We conducted a field test in inland water to verify the proposed mapping system. As previously introduced in Fig. 1 , we employed a KRISO-developed ASV in our test. The vehicle's payloads included Hemisphere's V113 GPS, Bartington's Grad-13S magnetometer, and a Spatial FOG from Advanced Navigation. All sensor data were stored with timestamps in the vehicle's secondary PC and postprocessed. Fig. 5 shows a satellite image of the test site, Lake Jangseong, located in Korea (35 • 21 30.2 N, 126 • 49 17.7 E), and five trajectories that the ASV followed. Table 2 summarizes the gathered datasets. The reference geomagnetic fields used in 10, 11, and 14 are listed in Table 3 , as calculated from the WMM corresponding to the experiment's location and date. 
A. WAYPOINT TRACKING
In the field experimental setup for waypoint tracking control, the ASV moved at a constant speed to minimize the effects of rapid speed variation by the thrusters. The vehicle was controlled to follow the prespecified waypoints and the straight lines between them using the LOS and cross-track guidance laws, as described in (1)-(5). When the desired goal waypoint was changed, the LOS guidance law weight increased and the vehicle's heading angle was converged toward the goal waypoint. Subsequently, the cross-track guidance law weight was increased to quickly follow the straight line. Variation in the heading angle in the straight-path interval occurred because of the size and shape difference of the sensors mounted on each hull. The RMSE of the cross-track error was approximately 2.08 m, and the instantaneous error rapidly increased at the points where the goal waypoint was changed to be similar to the heading-angle error result.
B. CALIBRATION
The two different calibration methods described in section III were applied to the raw magnetic field data. The resulting calibration parameters are summarized in Table 4 . To explore all the details of the calibration procedure, we specifically examined the result from Dataset 5. Fig. 7a and 7b show raw sensor readings from the magnetometer and FOG, respectively. As the magnetometer measures field vectors in a BFF, its measurements are coupled with sensor orientations, especially m x and m y . By converting the base coordinate system from BFF to UTM frame using (18), we can remove the frame dependency and obtain field vectors m UTM raw expressed in a global frame, as shown in Fig. 7c . However, m UTM raw still has orientation-dependent biases, caused mainly by soft iron distortion and sensor misalignment. Fig. 8 shows a scatter plot of the magnetic field data in BFF. Ideally, the reference field data m ref in BFF presents a horizontal circle, since the vehicle moves on the water surface. Here, it produces a slanted circle due to sensor alignment error, which is also verifiable in the FOG data shown in Fig. 7b . The raw data are also slanted, but as an ellipse and not a circle (see parameters in Table 4 ). The slant angles of m BFF raw and m BFF ref differ as additional hard and soft iron distortions are imposed on m BFF raw . Fig. 9 shows a calibration sphere with m BFF ref superimposed on it. We obtain the best-fit plane using m ref ; the resulting plane normal n is used to find (14) and (15) . Now, 2D calibration projects the raw data onto a horizontal plane, whereas 3D calibration tries to find the best fit to the reference field using the raw data. Calibration results are shown in Fig. 10 , which indicated that the two methods performed differently. Data with 2D calibration still have abrupt changes in all three components and orientation dependency is not resolved. In contrast, 3D calibrated data give continuous sensor readings in all three components and each component gives values around a reference magnetic field. The calibration result can be more clearly seen in Fig. 11 , where we draw a scatter plot again but this time using a UTM frame. Since the test site does not have any strong electromagnetic sources underneath, the desired scatter plot should present a unimodal distribution around the reference field vector. Our 3D calibration shows this distribution, whereas both uncalibrated and 2D calibrated data have multimodal distributions.
C. MAPPING
After the final conversion, as in (19)- (21), we obtained the field map components of F,D, and I , as shown in Fig. 12 . Only 3D calibration retrieved the correct field component values. In Figs. 13-15 , magnetic field data are mapped in a north-east-down (NED) coordinates with vehicle trajectories. Although uncalibrated and 2D calibrated data suffer from orientation-dependent biases, 3D calibration resolves this problem. The final 3D calibration field map now gives actual field characteristics; F has a certain wavelength over the test area and D and I have only minor variations.
After 3D calibration was applied to all five datasets, we obtained the final map of the magnetic field in the test area, as shown in Fig. 16 . Based on this sparse map, GPR was further performed for interpolation; this result is shown in Fig. 17 . A relatively high magnetic field value can be observed in the middle of the test area, presumably due to the geophysical properties of the crust underneath. Compared to the low resolution of the public geomagnetic field data (e.g., EMAG2-v3 has a 2-arc minute grid [16] , which is about 3 km in the test area), the proposed mapping system generated a finer and denser map.
D. DISCUSSION
Conventional 2D calibration method may partially work for determining F, as shown in Fig. 14b , because the 2D method projects x-and y-directional components onto a horizontal plane while retaining z-directional components. In this way, the field strength magnitude is regularized and becomes independent of the heading angles. However, D and I are not recovered since m x , m y and m z are not properly calibrated. A full 3D-calibrated magnetic field map is especially important in applications with navigation purposes.
After calibration, magnetic field data still have some noises, as shown in Fig. 12 , mainly caused by thrusters, as the noise increases at corner points where the thruster output increases significantly for rotation. Instead of treating this during calibration, we tried to obtain a noise-free map with a GPR. For real-time noise handling, additional approaches such as learning with thruster input voltage are promising.
In this work, we assumed that the mapping target area had no strong external electromagnetic sources, which enabled simultaneous calibration and mapping. If this assumption fails, we can still conveniently use the proposed method separately to obtain calibration parameters and apply them to map the target site.
VI. CONCLUSION
In this paper, we proposed an ASV-based system for mapping underwater magnetic fields. A magnetometer was rigidly attached to the ASV and waypoint tracking was exploited to gather payload data. The proposed approach solves the problem of 3D magnetometer calibration when the typical calibration motion is difficult to achieve. Specifically, the same magnetic field data obtained for mapping were used in the calibration. Compared to the conventional 2D approach, the proposed 3D calibration resolves the orientation-dependent biases caused by soft iron distortion and sensor misalignment. To improve the sparsity of the initial map, we further employed GPR. We conducted experiements in inland water and found that the proposed mapping system shows promise for refining the existing public database of geomagnetic fields in terms of its possible resolution and update frequency. Future work includes testing the proposed system in ocean environments, downward and upward continuation of the obtained field, and development of a more sophisticated calibration method for real-time compensation. He has been leading several projects related to underwater robotic applications, such as the design of ROVs and AUVs, advanced control and navigation, recognition using optic camera and sonar, and robot intelligence. VOLUME 6, 2018 
